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Delayed CT arthrography is a promising 
new technique for the diagnostics of carti-
lage pathologies. However, sensitivity of the 
technique for diagnostics of articular carti-
lage lesions or detection of changes related to 
cartilage aging and its feasibility for clinical 
diagnostics are not known. The aim of this 
study was to investigate the potential of the 
delayed CT arthrography to detect cartilage 
lesions and increased collagen cross-linking 
in vitro. For the first time, the technique was 
also applied in clinical patients. Importantly, 
delayed CT arthrography enabled quantifi-
cation of contrast agent diffusion and parti-
tion in cartilage and could sensitively detect 
lesions of human knee cartilage in vivo. To 
conclude, delayed CT arthrography is a novel 
quantitative method for clinical diagnostics 
of the status of articular cartilage and for the 
detection of cartilage lesions.
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ABSTRACT
Early diagnosis is important in the optimal treatment of cartilage le-
sions caused by trauma to the joint. However, detection of small car-
tilage lesions is challenging with current clinical imaging methods.
Cartilage cannot be visualized by X-ray imaging and the resolution
of magnetic resonance imaging (MRI) is limited. Furthermore, the
limited availability of MRI leads to long queuing times with risk of
progression of the lesion. In many cases, arthroscopy is needed to
diagnose the cartilage lesions and to relieve the symptoms. Con-
trast enhanced computed tomography (CECT) is a promising new
technique for the diagnostics of cartilage pathologies. CECT has
been shown to be able to detect proteoglycan loss in cartilage in
vitro, and it has been proposed for clinical cartilage diagnostics in
vivo. However, the sensitivity of CECT for diagnostics of articular
cartilage lesions or detection of changes related to cartilage aging
and its feasibility for clinical cartilage diagnostics are not known.
In this thesis, these issues were investigated in vitro and in vivo.
In the in vitro part of this thesis, the sensitivity of the CECT
method to detect mechanically induced cartilage injuries was stud-
ied. In addition, the effect of increase in collagen cross-linking oc-
curring with aging on the diffusion of contrast agent in articular
cartilage was evaluated. In the in vivo part of this thesis, the clinical
feasibility of the CECT method for diagnostics of cartilage lesions
was investigated.
In study I, mechanical cartilage injuries were successfully de-
tected using the CECT method in vitro. The contrast agent diffusion
and equilibrium partition were significantly (p < 0.05) increased in
injured cartilage. In study II, diffusion of contrast agent decreased
significantly (p < 0.05) as collagen cross-linking increased. How-
ever, the cross-links did not increase the steric hindrance of the
matrix for contrast agent diffusion, but affected the diffusion of an-
ionic contrast agent due to the increased fixed charge of cartilage
matrix.
Based on the results of the in vivo studies III and IV, contrast
agent remains in the knee joint long enough to facilitate delayed
CT arthrography (i.e. CECT in vivo). In addition, by using the
optimal imaging points, determined to be immediately and at 45
minutes after an intra-articular injection of contrast agent, delayed
CT arthrography could reveal cartilage lesions and could assess the
tissue integrity of human cartilage in vivo.
To conclude, delayed CT arthrography is a potential method for
clinical diagnostics of the status of articular cartilage and for the
detection of cartilage lesions.
National Library of Medicine Classification: QT 36, WN 206, WN 160,
WE 300
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Medical Subject Headings: Diagnostic Imaging; Arthrography; Tomogra-
phy, X-Ray Computed; Contrast Media; Cartilage, Articular; Knee Joint;
Collagen; Wounds and Injuries; Osteoarthritis/diagnosis
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2D Two dimensional
3D Three dimensional
AGE Advanced glycation endproduct
CBCT Cone beam computed tomography
CCD Charge-coupled device
CECT Contrast enhanced computed tomography
CEL N-(carboxyethyl)lysine
Cl− Chloride ion
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CT Computed tomography
DD Digital densitometry
dGEMRIC delayed gadolinium enhanced magnetic resonance
imaging of cartilage
ECM Extracellular matrix
FCD Fixed charge density
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microCT X-ray microtomography
MR Magnetic resonance
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NaI Sodium iodine
OA Osteoarthritis
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PI Parallelism index
PLM Polarized light microscopy
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Symbols and notations
−x Generic anion x
C¯ Bulk contrast agent concentration
Δ Delta, difference
 Strain
[· · · ] Concentration
μ Linear attenuation coefficient
Ψ Membrane potential
C Concentration
CTΔ Average normalized contrast agent concentration
in subtraction CT image
CTarthrography Average normalized contrast agent concentration
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CTdelay Average normalized contrast agent concentration
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D Diffusion coefficient
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dxs Source-object distance
E0 Initial dynamic modulus
E Strain dependent dynamic modulus
Eeq Equilibrium modulus
F Faraday constant
h Cartilage thickness
I Intensity
J Diffusion flux
L Object size
L′ Magnified object size
M Magnification
M Molar mass
p Probability of statistical false conclusion
q Electric charge
R Gas constant
r Correlation coefficient
r Donnan ratio
T Temperature
t Time
T1 Spin-lattice relaxation time
x Distance
x, y, z, B,C Temporary variables
Z Atomic number
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1 Introduction
Articular cartilage is a highly specialized connective tissue which
covers the ends of articulating bones [1,2] and distributes the impact
loads evenly throughout the joint. Furthermore, articular cartilage
together with synovial fluid provides almost frictionless movement
of the joints [1, 3, 4]. As articular cartilage is responsible for dis-
tributing the loads in the joint, a local or global cartilage lesion can
jeopardize the correct mechanical function of the joint, and predis-
pose the articulating surfaces to mechanical overloading, leading to
further degeneration of cartilage.
Osteoarthritis is the most common disease affecting joints and
mobility of individuals in the developed countries [5]. Over 50% of
65-year-olds and 90% at the age of 75 have radiological changes typ-
ical of osteoarthritis, however, these changes are not always symp-
tomatic [6, 7]. In osteoarthritis, the cartilage layers that protect the
articulating bones become worn [8]. Usually this happens when
the natural repair of cartilage is disturbed, leading to a progressive
degradation [9, 10]. However, this is not the only way to develop
osteoarthritis. Exposure to mechanical overloading due to impact
or trauma to the joint may initiate the osteoarthritic process [11–13].
It is important to diagnose cartilage lesions as soon as possible after
the trauma since this facilitates effective treatment and prevention
of further degeneration.
Throughout this thesis, mechanical cartilage injury is defined as
damage to the in vitro cartilage sample caused by mechanical im-
pact, while a lesion is defined as in vivo cartilage damage, which
might be caused by trauma or to be due to spontaneous degenera-
tion.
Currently, diagnostics of cartilage lesions are based on clinical
examination performed by a physician, usually followed with X-
ray imaging. If needed, magnetic resonance imaging (MRI) and/or
arthroscopy can be performed. In practise, the clinical examination
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is a subjective procedure since it does not enable direct evaluation
of the articular cartilage and it is highly dependent on the experi-
ence of the clinician [14]. Cartilage attenuates X-ray radiation only
minimally, and thus there can be no direct visualization of the artic-
ular cartilage. Therefore, the expensive MRI is commonly used to
confirm the diagnosis. With MRI, the location, extent and severity
of articular cartilage and meniscus lesions can be estimated [15,16].
Arthroscopy enables visualization and mechanical palpation of the
cartilage surfaces. However, poor intra- and inter-observer repro-
ducibility for arthroscopic evaluation of cartilage lesions has been
reported [17, 18]. Together with the high imaging costs, the limited
resolution and restricted availability of MRI are factors favouring
the need for novel imaging techniques to be used in the diagnostics
of cartilage lesions.
Delayed gadolinium enhanced computed tomography of carti-
lage (dGEMRIC), which is currently in clinical use, and contrast
enhanced computed tomography (CECT) have been proposed as
techniques for the diagnostics of proteoglycan depletion in articu-
lar cartilage [19–23]. In these methods, an anionic contrast agent
is assumed to distribute in inverse proportion to the negative fixed
charge density (FCD) of the articular cartilage [19, 24]. In earlier
in vitro studies, the diffusion equilibrium of contrast agent was
reached only after 8-9 hours [20,24,25]. In the dGEMRIC-technique
it is assumed that the diffusion equilibrium is reached already af-
ter 90 minutes [26], thus, the theoretical foundation of dGEMRIC is
somewhat uncertain.
It has been proposed that the diffusion rate of contrast agent
molecules might not only depend on tissue FCD, but also on the
integrity of the collagen network and the steric hindrance that this
creates [24, 27]. Further, there can be significantly increased diffu-
sion of an anionic contrast agent into damaged articular cartilage
even though there is no significant change in the tissue proteogly-
can content [28].
Although CECT and dGEMRIC techniques have been studied
for several years, the individual effects of collagen and proteogly-
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cans on contrast agent diffusion are still partially unknown [29–32].
Furthermore, it is not known whether the techniques may be used
to detect cartilage lesions or if so, what is the optimal time point
for imaging after contrast agent injection. The dGEMRIC-technique
and native MRI are currently in clinical use for diagnostics of car-
tilage lesions. However, these techniques are not optimal for lesion
detection as in public healthcare, the queuing times for imaging
are typically several months. In addition, the long imaging time,
and the acquisition of only one 2D slice are limiting factors for
dGEMRIC. The CT technique analogous to dGEMRIC could pro-
vide higher resolution, isotropic voxel size, fast scanning and, thus,
be well suited for cartilage diagnostics. However, before there can
be clinical application of delayed CT arthrography, a number of the
factors mentioned above, as well as the radiation dose, need to be
clarified.
The first two studies investigate in vitro the potential of CECT
to detect changes in cartilage matrix related aging and mechani-
cally induced injury. In study I, the feasibility of CECT to detect
new, mechanically induced cartilage injuries is investigated. In the
study II, the collagen matrix of cartilage is artificially cross-linked,
and the effect of the cross-linking on the contrast agent diffusion
is studied using CECT. In the study III, delayed CT arthrography
is used for clinical patients and the imaging protocol is optimized.
The optimal time points for measurements and the need of using
vasoconstrictive agents to restrict the contrast agent extraction from
the joint are clarified. In the study IV, the feasibility of delayed CT
arthrography to detect cartilage lesions is examined with clinical
patients in vivo.
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2 Articular cartilage
Articular cartilage is a highly specialized connective tissue which
covers the ends of articulating bones [1, 2]. Cartilage is a viscoelas-
tic and fiber reinforced tissue, which is responsible for distributing
the contact loads evenly throughout the joint. Furthermore, articu-
lar cartilage together with synovial fluid provide almost frictionless
movement of the joints [1, 3, 4]. Articular cartilage has to sustain
great dynamic and static forces between articulating bones. Thus,
local or global articular cartilage lesions jeopardize the correct me-
chanical function of the joint, and predispose the articulating sur-
faces to mechanical overloading, leading potentially to further tis-
sue damage.
2.1 CONSTITUENTS AND STRUCTUREOF ARTICULAR CAR-
TILAGE
The cartilage matrix consists mainly of water (60-80% [33]), pro-
teoglycans (PG, 4-7% [1]) and collagen (15-22% [1, 34]). In healthy
cartilage only 1-5% of the volume of articular cartilage consists of
chondrocytes. Chondrocytes are able to react to changes in extra-
cellular matrix (ECM) by influencing the balance between anabolic
and catabolic reactions, and by replacing the macromolecules lost
in the tissue degeneration [35, 36].
Articular cartilage is usually divided into three zones, superfi-
cial zone, middle zone and deep zone. The composition and struc-
ture of articular cartilage vary with tissue depth [37, 38]; PG con-
centration is greatest in the deep zone, decreasing toward articular
surface [1, 39], collagen concentration decreases from the deep to
middle zone and increases again toward the surface [40] and the
water content is highest in the superficial zone, decreasing toward
the deep zone [33].
Articular cartilage has no blood vessels or nerves [1]. For this
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reason, the main source of nutrition is synovial fluid, and thus, the
diffusion of nutrients through extracellular matrix is the only source
of nutrition for chondrocytes. This results in very slow regeneration
of articular cartilage [35].
Table 2.1: The constituents of healthy articular cartilage (% of wet weight).
Constituent
Water 60-80% [1,33]
Proteoglycan 4-7% [1,34]
Collagen 15-22% [1]
Chondrocytes 1-5% [33,35]
COLLAGEN
Collagen matrix forms the internal skeleton of articular cartilage
and about 15-22% of the cartilage wet weight is collagen [1]. The
type II collagen molecules are synthesized by the chondrocytes and
they spontaneously form thin collagen fibrils in the extracellular
matrix. In cartilage tissue, the collagen fibrils form more organized
and stronger collagen fibers, which are responsible for the high ten-
sile strength and the dynamic compressive stiffness of articular car-
tilage [41–43].
About 90% of all collagen is type II collagen, but also types I, III,
V, VI, IX, X and XI have been identified in articular cartilage [35,44].
Articular cartilage can be divided into three zones according to
the collagen orientation (superficial zone, middle zone and deep
zone, Figure 2.1). In the superficial zone, the collagen fibrils are
oriented in parallel to the articular surface, forming a wear resis-
tant mesh. In the middle zone, also called the transitional zone, the
collagen fibrils are oriented more randomly but in the deep zone
they are perpendicular to the cartilage surface, and with the sub-
chondral bone [33, 35]. In addition to these zones, there are also
secondary collagen fibrils with random orientations. The thick-
nesses of the zones can vary, but the surface zone is the thinnest
6 Dissertations in Forestry and Natural Sciences No 91
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(3-24% of the cartilage thickness) and the deep zone is the thickest
(50-94%) [33, 35, 45].
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Figure 2.1: Structure of articular cartilage. In the superficial zone, the collagen
fibers are oriented in parallel to the articular surface. In the middle zone, the orien-
tation is random and in the deep zone perpendicular to the cartilage-subchondral
bone interface.
PROTEOGLYCANS
Proteoglycans (PG) are macromolecules, which consist of a core
protein and joined glycosaminoglycan (GAG)-chains. The GAG-
molecule has negative electronic charge due to its carboxyl and sul-
phate groups, providing a negative fixed charge for the tissue [46],
this creates an imbalance in osmotic pressure in the extracellular
matrix. Due to the imbalance in the osmotic pressure, water is
drawn into the extracellular space, resulting in swelling of the tis-
sue. The collagen network prevents the swelling, creating a swelling
pressure that contributes significantly to the mechanical properties
of cartilage [1, 35].
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Most proteoglycans form large aggrecans with long chained
hyalyronan molecules [35]. These large aggrecans are unevenly
distributed within the articular cartilage and the PG concentration
increases towards the deep zone [1, 39].
ADVANCEDGLYCATION END-PRODUCTS (CROSS-LINKING)
During aging, long-living proteins, such as collagen (half life > 200
years [47, 48]), are non-enzymatically modified by reducing sugars
through non-enzymatic glycation leading to accumulation of ad-
vanced glycation endproducts (AGEs) in the tissue [49–52]. The
AGEs usually result in a browning colour of the cartilage. Due to
the long half life of collagen, the AGEs are only removed when
the collagen fibril is degraded. The AGEs consist of different com-
pounds, such as: N-(carboxymethyl)lysine (CML) and N-(car-
boxyethyl)lysine (CEL), pentosidine [53, 54], threosidine [55], lysyl
pyridinoline (LP) and hydroxylysyl pyridinoline (HP) [56].
Threose is a carbohydrate which is formed by degradation of
ascorbic acid [57]. L-threose is the most abundant and most re-
active of the residues. It modifies the lysine residues in various
proteins [58], creating characteristic cross-links, such as CML and
pentosidine [59]. Another agent frequently used to induce cross-
linking in vitro is ribose [60].
Pentosidine accounts for only a small amount of all the cross-
links in collagen. However, it has been used as a marker for the
total cross-linking [61]. In humans, the concentration of AGEs in
collagen increases linearly after the age of 20 [51]. Accumulation
of AGEs during ageing correlates with mechanical stiffening of the
tissue and also with increased fragility in tissues such as bone, ar-
teries, tendon, skin and cartilage [51, 62–64].
2.2 MECHANICAL PROPERTIES OF ARTICULAR CARTILAGE
Articular cartilage is a porous viscoelastic fibril reinforced tissue
consisting of three main phases: the solid phase consisting of the
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collagen network and proteoglycans; a liquid phase consisting of
water; and the ion-phase consisting of dissolved compounds [65].
There is minimal friction between articulating surfaces, which is
achieved by two main mechanisms. First, macromolecules, such as
lubricin, within the synovial fluid lubricate the surfaces [66]. Sec-
ond, during dynamic loading, the interstitial fluid becomes pres-
surized, which forms a thin fluid film on the articulating surfaces,
thus, decreasing the friction [67].
The first analytical model of cartilage mechanical function was
published in the early 1970s [68]. Articular cartilage was assumed
to be single phasic, isotropic elastic material attached to a stiff and
solid material (bone). However, in reality articular cartilage is mul-
tiphasic, strongly anisotropic and it is known to exhibit significant
viscous properties. For this reason, the isotropic elastic model was
unable to fully explain cartilage function under loading.
In the 1980s, the first biphasic model was introduced by Mow
and co-workers [69]. The collagen-proteoglycan matrix was mod-
eled as porous and permeable solid matrix, whereas the fluid phase
is modeled as an uncompressible liquid [69]. Although the biphasic
model and its derivatives are rather accurate in describing the re-
sponse to mechanical loading, they do not account for the osmotic
pressure caused by the proteoglycans. In the 1990s, a triphasic
model, in which the negative charge of the PGs was designated into
the solid cartilage matrix, was introduced. In the triphasic model,
the fixed charge and the monovalent ions in the intracellular fluid
are modeled as one fluid phase [70].
During the last 15 years, fibril reinforced models taking into ac-
count the contribution of collagen network on cartilage mechanics
have been developed [71–73]. In these models, cartilage is assumed
to be bi- or triphasic and the solid phase is divided into fibrillar and
non-fibrillar parts. While the fibrillar part models collagen fibrils,
the non-fibrillar part takes into account the proteoglycans. In some
of the fibril reinforced models the osmotic pressure caused by the
FCD is also taken included in the model [74].
Articular cartilage is a poroviscoelastic tissue, in which the col-
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lagen network regulates the water flow into the cartilage and pro-
teoglycans restrict the flow through the cartilage. Thus, both com-
ponents affect the permeability of the cartilage, although proteogly-
cans have been postulated to have a greater effect [75].
The mechanical properties and, thus, the entire function of the
articular cartilage is determined by the structure and interactions
between as individual components [35, 76, 77]. Due to the porous
and viscoelastic nature of the articular cartilage, the tissue can ef-
fectively adjust itself to the prevailing loading conditions. During
dynamic mechanical loading the collagen network, together with
increasing fluid pressure inside the cartilage, controls the deforma-
tion by stiffening the cartilage. Under static loading, water flows
within and out from cartilage and the cartilage softens. This en-
ables load distribution to larger contact areas. The negative fixed
charge of the proteoglycans creates an osmotic pressure in the car-
tilage, maintaining high water content in the cartilage. [37, 72].
2.3 OSTEOARTHRITIS
Osteoarthritis (OA) is globally the most common joint disease in
the world, and especially hip and knee OA are of major concern.
In Finland, the age-adjusted prevalence of hip OA for over 30 year
old men and women is 5.7% and 4.6%, respectively [78]. The cor-
responding prevalence for knee OA is 6.1% and 8.0% for men and
women, respectively [78]. In particular obesity, heavy work and
joint injuries together with old age are risk factors for the develop-
ment of OA [78]. As a result, articular cartilage degenerates causing
joint pain and stiffness, which can lead to complete immobility of
the joint if left untreated [79]. OA is a slowly developing disease
and the early signs, such as depletion of PGs in superficial car-
tilage, are difficult to diagnose [1]. In addition to PG depletion,
also the collagen network degrades in OA, which leads to softening
of the tissue and an increase in water content. As the mechanical
competence of cartilage diminishes, the stress on the subchondral
bone is increased, which may lead to thickening of the subchon-
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dral bone [80]. Furthermore, the softened cartilage tissue is prone
to suffer lesions caused by mechanical overloading which further
accelerates tissue degradation.
The structural changes in the articular cartilage can be divided
into three stages. In the first stage, the extracellular matrix is dam-
aged with minor changes in the cartilage structure. Due to the
damaged collagen network, the water content increases and, in ad-
dition, the proteoglycan content may decline. In the second stage,
chondrocytes accelerate the synthesis in attempt to counter the in-
creased cartilage degradation. In the last stage, the chondrocyte
function starts to deteriorate and more cartilage is degraded than
synthesized. As a result, small cartilage fragments may be detached
and cartilage cracks may form, even passing all the way down to
the subchondral bone. [81]
OA is usually assumed to be a consequence of disturbances in
the biochemical processes in the cartilage [81]. However, OA can
also result from trauma to the joint, in which case it is called sec-
ondary or post traumatic osteoarthritis (PTA) [82]. For example,
in one study, 74% of the patients (n = 56) with fractures in the
lower end of the tibia were reported to suffer from severe PTA in
the ankle 5 to 12 years after the accident [83]. PTA is most common
in the ankle (79.5% of the OA cases), while in knee (9.8%) and hip
(1.6%) its prevalence is significantly lower [12].
2.4 CLINICAL DIAGNOSTICS OF CARTILAGE LESIONS
Lesions of mature articular cartilage heal poorly. The lesions cause
joint pain, immobility and may lead to development of post-trau-
matic osteoarthritis. Acute lesions caused by impact or trauma to
the joint are especially common in young, athletic adults. The di-
agnostics of cartilage lesions is not straightforward and they are
commonly found during arthroscopy being done for some other
indication. A concise comparison of the current methods for diag-
nostics of cartilage lesions is shown in Table 2.3.
The first step in lesion diagnosis is a visit to a physician, who
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will perform a clinical examination. Typical symptoms of cartilage
lesions in the knee are joint pain associated with stress, a locking
sensation while bending the knee and swelling of the joint. Af-
ter acute cartilage trauma, the symptoms of the other joint injuries,
such as meniscal lesions, are often dominant as compared to carti-
lage lesions. It is possible that the only symptoms related to single
small cartilage lesion are an increased amount of synovial fluid and
local tenderness in the injured area during compression. A joint
with lesions can exhibit various sounds, which are assessed dur-
ing the clinical examination. A single clicking sound is typically
an indicator for an isolated cartilage lesion, whereas crepitus (i.e.
combination of different cracking sounds) might refer to extensive
cartilage lesion or exposed subchondral bone. Clinical examina-
tion of cartilage lesion is challenging as all the symptoms could
be caused by a number of pathologies of the meniscus, tendons or
joint capsule. [84] For this reason, clinical examination of the joint is
non-specific for assessing the extend of acute cartilage lesions [85].
In addition, it is highly subjective, requires advanced expertise and
allows no direct visualisation of the articular surfaces [14].
Clinical examination is typically supplemented by taking an X-
ray image of the joint. Articular cartilage, menisci and synovial
fluid are not visible in X-ray images due to their similar X-ray ab-
sorption properties. For this reason, articular cartilage degeneration
(i.e. loss of function and/or tissue) can typically be detected only as
a narrowed joint space between the bones. Cartilage lesions caused
by trauma to the joint are usually local and the actual cartilage loss
is minimal, which means that the lesions are undetectable in X-ray
images. However, as joint space narrowing and calcification of sub-
chondral bone can be detected, X-ray imaging may be used to rule
out advanced osteoarthritis as the reason for knee pain.
Currently, after the clinical examination and X-ray imaging, pro-
vided that there are no signs of osteoarthritic progression, it is cus-
tomary to refer the patient to MRI. The location, extent and severity
of the cartilage lesions can be estimated with MRI [15, 86, 87]. The
lesions are graded using lesion grading systems, such as Interna-
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tional Cartilage Repair Society (ICRS) grading system (Table 2.2).
MRI has an excellent soft tissue contrast, however, the limited reso-
lution of MRI limits its potential for detection of lesions. Accuracies
ranging from 57% to 88% and sensitivities from 89% to 95% have
been reported for MRI [88]. In addition to limited sensitivity, both
the long queuing times and the high imaging costs reduce the fea-
sibility of MRI for screening of cartilage lesions.
Finally, the possible lesions may be evaluated and, possibly, re-
paired during arthroscopy. Arthroscopy enables minimally inva-
sive joint operations and it does not require a long hospitaliza-
tion. In arthroscopy the surgeon inserts an arthroscope into the
joint cavity through a small portal (d = 5 mm). In addition, the
special instrument needed for the operation is inserted through an
another portal. During arthroscopy, the surgeon investigates the
cartilage surfaces visually for lesions or signs of OA [89]. During
arthroscopy, the surgeon has limited time at his/her disposal, and
can easily overlook some of the lesions especially if there are nu-
merous lesion sites. Furthermore, the inter-observer reliability of
arthroscopic lesion evaluation is poor [18]. In a recent study, 41.9%
of experienced arthroscopists reported that it was difficult to dis-
cern between grades I and II and even more, 51.4% stated that the
same was true in distinguishing between grades II and III [17].
Table 2.2: The grading system for articular cartilage lesions according to the In-
ternational Cartilage Repair Society (ICRS, www.cartilage.org).
Grade Description of the lesion
0 Normal
I Superficial lesions. Soft indentation and/or superficial fissures and cracks.
II Lesions extending down to < 50% of cartilage depth.
III Lesions extending > 50% of cartilage depth but not into the subchondral bone.
IV Lesions extending into the subchondral bone.
Dissertations in Forestry and Natural Sciences No 91 13
Harri Kokkonen: Delayed CT Arthrography Technique
Table 2.3: The advantages and challenges of current methods used in diagnostics
of cartilage lesions.
Modality Advantages Challenges
Clinical Good availability, Subjective,
examination Easy to perform Poor sensitivity
X-ray imaging Cheap, Fast, Poor soft tissue contrast,
Good availability, Radiation dose (very small),
Easy to perform Poor sensitivity
MRI Good soft tissue contrast, Expensive,
No radiation dose Long imaging time,
Long queuing times,
Limited resolution
Arthroscopy Visualization of Invasive operation,
the articular surfaces, Subjective,
Interventions possible Poor inter- and intra-observer
reproducibility
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3 Contrast enhanced imaging
of articular cartilage
3.1 X-RAY COMPUTED TOMOGRAPHY
X-rays are electromagnetic radiation, which attenuate exponentially
according to equation (3.1) due to various interactions (photoelec-
tric effect, compton scattering and elastic scattering) with atoms in
the medium
I(x) = I0e−μx, (3.1)
where I is the intensity of the radiation, x is the distance traveled in
the medium and μ is the linear attenuation coefficient. The linear
attenuation coefficient is medium specific and it depends on the
energy of the radiation, atomic number and the electron density.
[90, 91]
Computed tomography (CT) is a 3D imaging modality com-
monly used in medical imaging, as well as in industrial applica-
tions. Modern CT equipment makes it possible to acquire isotropic
voxels, which enables reconstruction of arbitrary image projections.
Compared to a native X-ray image, the contrast of a CT image
is better, i.e. smaller differences in attenuation coefficients can be
detected. However, the maximal resolution of the CT is lower than
that of native X-ray imaging. With clinical CT-scanners, the differ-
ence of 0.44% in linear attenuation coefficients may be detected, but
objects less than 0.5 mm apart are difficult to distinguish. [92]
3.1.1 CT modalities
Three different CT modalities are used in this thesis: high resolu-
tion microCT, clinical spiral CT and clinical peripheral cone beam
CT. Although each of these modalities relies on the measurement of
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the attenuation of X-ray radiation, there are significant differences
in the applied imaging set-ups.
In each of the systems, projection images cover at least 180 de-
grees of the object. From these 2D images, a 3D image of the object
is reconstructed using algorithms, such as filtered back projection
or iterative reconstruction. [91]
High resolution microCT
High resolution MicroCT is a laboratory equipment not suited for
clinical use. This technique achieves isotropic voxel sizes down to
one cubic micrometer. To obtain the maximal resolution only small
(diam < 1 mm) objects may be imaged. Due to the applied imaging
geometry (Figure 3.1), the image resolution is reduced with larger
object sizes.
In contrast to the clinical CT, the object is rotated between a sta-
tionary X-ray source and a detector. The beam passing through the
object is magnified before reaching the detector, creating a magni-
fied image of the object. In order to maximize magnification, the ob-
ject is placed close to the X-ray source and away from the detector.
The magnification of the image at the detector can be calculated as
follows: M = D
′
D =
dxs+dsd
dxs
, where dxs is the source-object distance,
dsd is the source-detector distance, and D′ and D are the magnified
and original object size, respectively. The object is imaged during a
single rotation, during which thousands of projections are acquired.
Spiral CT
Currently, multirow spiral CT is used in clinical practice (Figure 3.2
(a)). The X-ray source is a point source, but the X-ray beam is col-
limated extensively to fit onto the row detector. Spiral CT scanners
can be divided into those having curved detector elements (equidis-
tant angles between the detector elements) and those having plane
detector arrays (equidistant detector spacing). In order to cover the
whole patient in spiral CT, the patient is continuously moved on a
table through the rotating source and detector. By using collima-
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Figure 3.1: Simplified principle of high resolution CT. The imaged object (black)
is situated away from the detector, creating a magnified image on the detector. dxs
is the source-object distance, dsd is the source-detector distance, and L′ and L are
the magnified and original object size, respectively.
tion, the scattering that reaches the detector is reduced resulting in
a higher signal-to-noise ratio. During one rotation, the number of
acquired slices depends on the construction and size of the detector
matrix. Modern devices are capable of acquiring up to 256 slices
during one rotation.
Cone beam CT
Cone Beam Computed Tomography (CBCT) utilizes a conical beam,
covering a large volume with a single rotation around the patient.
In cone beam CT (figure 3.2 (b)), the X-ray beam is not normally
collimated and it is detected with a plane detector. For this reason,
more scattering induced noise is present in the images and the con-
trast resolution decreases. Cone beam CT is most commonly used
in dental imaging, as it allows the acquisition of high resolution
isotropic image stacks [93].
The radiation dose of CBCT is much smaller than that of spiral
CT [94–96]. In a comparative study of four dental CBCT and two
spiral CT scanners, the effective doses induced during dental imag-
ing ranged from 27 μSv to 674 μSv and from 685 μSv to 1410 μSv
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for CBCT and spiral CT, respectively [95].
(a) (b)
Figure 3.2: The imaging geometries applied in spiral CT (a) and cone beam CT
(b). The X-ray source and the detector rotate around the patient in both cases. In
spiral CT, the detector consists of rows of detector elements. Only a thin section
of the patient is imaged in one rotation. In cone beam CT, the conical X-ray beam
is detected completely using a plane detector.
3.1.2 Contrast enhancement
Different soft tissues, including cartilage, attenuate X-ray radiation
rather similarly. For this reason, the resulting image provides no ad-
equate contrast between the cartilage, synovial fluid and menisci in
the knee joint. Contrast agents may be used to enhance the contrast
in the target tissue. Usually these contrast agents are iodine based
compounds which can be either ionic or non-ionic. Iodine has a
relatively large atomic number (Z = 53) and therefore it absorbs
X-ray radiation effectively. The contrast agent can be administered
intravenously or it can be injected directly into the target location.
Contrast agents have been used for several decades in X-ray
arthrography to visualize the joint surfaces and lesions [97–100]
and for post operative imaging of the meniscus [101]. During the
last few years, contrast enhanced computed tomography technique,
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based on delayed imaging of cartilage after administration of an-
ionic contrast agent has been an area of active research [20, 22, 24,
25, 28–32,102–119].
In delayed gadolinium enhanced MR-imaging of cartilage
(dGEMRIC), negatively charged gadopentetate has been applied for
evaluation of the proteoglycan content and the distribution within
articular cartilage [9,10,26,120–132]. The negatively charged proteo-
glycans are assumed to repel the negatively charged contrast agent
molecules, creating an inverse distribution of contrast agent with
respect to the distribution of the proteoglycans. At the diffusion
equilibrium, according to the Gibbs-Donnan theory, the contrast
agent distribution in the fluid phase is assumed to be dependent
on the fixed charge density of the cartilage [120,121].
The physics behind the application of MR contrast agents differs
from that of CT contrast agents. In CT, the iodine in the contrast
agent attenuates X-ray radiation, which increases the contrast. In
MRI, the paramagnetic gadolinium changes the microscopic mag-
netic environment and shortens the T1-relaxation time, which is of-
ten called the dGEMRIC-index in cartilage imaging [131,133, 134].
Due to these differences, significantly higher contrast agent con-
centrations need to be applied in contrast enhanced computed to-
mography. For this reason, in contrast to dGEMRIC, intra-articular
injection of X-ray contrast agent may be needed. In 2006 contrast
enhanced CT imaging for cartilage was first introduced for in vitro
samples [109]. Before the present work, this method has not been
used for clinical diagnostics. However, the transition into clinical
use should be feasible as iodine based contrast agents are readily
available and are widely used in hospitals for other contrast en-
hanced imaging modalities.
3.2 CONTRAST AGENT DIFFUSION IN CARTILAGE
Since cartilage is an avascular, porous tissue, nutrients may only
be transported via diffusion into cartilage [35]. Diffusion is a form
of molecular movement. The molecules move randomly through
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Brownian motion in the tissue. A concentration gradient creates di-
rection into this random movement as molecules in higher concen-
tration move toward the lower concentration until the concentration
gradient disappears [135].
The diffusion coefficient D of a molecule depends on the prop-
erties of the molecule and the medium. It defines the rate at which
the diffusion equilibrium can be reached in the system [136]. Dif-
fusion process can be described with the Fick’s laws of diffusion.
The first law (eq. (3.3), Table 3.1) describes smooth diffusion with-
out any time dependency. If the diffusion flux is time varying, then
the second law has to be used (eq. (3.4), Table 3.1). The diffusion
flux is directly proportional to the concentration gradient and it is
directed toward the lower concentration. It describes the rate of the
net movement of molecules across a unit area. The diffusion flux of
contrast agent through cartilage surface can be defined as:
J = −h
∂C¯
∂t
, (3.2)
where h is the cartilage thickness and C¯ is the bulk contrast agent
concentration within the sample.
Table 3.1: The laws governing diffusion of charged particles through a semi-
permeable membrane.
Physical law Equation
Fick I J = −D ∂C∂x (3.3)
Fick II ∂C∂t = D
∂2C
∂2x2
(3.4)
Nernst equation ΔΨ = − RTzF ln
[C]1
[C]2
(3.5)
Donnan ratio r =
(
[C]1
[C]2
)1/z
(3.6)
Membrane potential ΔΨ = − RTF ln r (3.7)
The two sides of a membrane are marked with
subscripts 1 and 2.
J = diffusion flux [C] = ion concentration
Ψ = membrane potential R = gas constant
t = time D = diffusion coeffi-
cient
T = temperature (K) z = valence of the ion
F = Faraday constant x = location
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The Gibbs-Donnan equilibrium describes the equilibrium state
between two solutions separated by a semi-permeable membrane.
The charged particles (ions) confined on one side of the membrane
create an electrical potential across the membrane. Due to the po-
tential, the fixed and mobile ions distribute unevenly across the
membrane. The mobile ions diffuse through the membrane un-
til they reach an equilibrium for both concentration and electrical
charge distribution. At the equilibrium state, the ion distribution is
defined by the Nernst equation (eq. (3.5), Table 3.1) assuming that
the gradient of the electrical potential is similar for all species of
the ion. By rearranging the variables in eq. (3.5), we can solve the
Donnan ratio, which is constant for all mobile ions. By combining
the Nernst equation and the Donnan ratio, one obtains the mem-
brane potential, which indicates that the presence of a fixed charge
creates an osmotic gradient across the membrane [137].
Let us go through a simple example of the effect of fixed ions
(Figure 3.3). On side 2 of the membrane, we have completely dis-
solved KCl at concentration c2 and on side 1 we have completely
dissolved NaR at concentration c1. R− is a generic non-mobile ion
which does not cross the membrane. At equilibrium, Na+ diffuses
to side 2 while K+ and Cl− diffuse to side 1 (Figure 3.3). As elec-
tronegativity must remain unchanged, one can state that z = x− y.
Using equation (3.6), we can now form the following group of equa-
tions,
[
Na+
]
1[
Na+
]
2
=
[K+]1
[K+]2
=
[
Cl−
]
2[
Cl−
]
1
⇒
c1 − (x− y)1
x− y2
=
x1
c2 − x2
=
c2 − y2
y1
,
(3.8)
which can be further reduced to x + y = c2. Solving for x, y and z
gives,
x =
(c1 + c2)c2
c1 + 2c2
; y =
c22
c1 + 2c2
; z =
c1c2
c1 + 2c2
. (3.9)
Finally the Donnan ratio can be presented as
r =
[
Na+
]
1[
Na+
]
2
=
[K+]1
[K+]2
=
[
Cl−
]
2[
Cl−
]
1
=
c1 + c2
c2
. (3.10)
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Thus, the fixed anion on one side of semi-permeable membrane
affects the distribution of mobile ions by repelling anions and at-
tracting cations. Due to the uneven distribution of ions, an electri-
cal potential difference (the Donnan potential) is created across the
membrane. [137]
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Figure 3.3: An example of the distribution of fixed and mobile ions at non-
equilibrium (left) and at equilibrium (right) condition.
Distribution of ions in articular cartilage
The fixed charge in the extracellular matrix of cartilage affects the
distribution and concentration of mobile ions in the fluid within
the tissue [122]. The interaction between mobile ions and fixed
charge density can be described with the Gibbs-Donnan theory,
as previously described [46]. The cartilage extracellular matrix in-
cludes large negatively charged GAG-molecules, which are effec-
tively bound to the matrix. Thus, we can assume that the distri-
bution of mobile ions follows the Donnan equilibrium (eq. (3.10)).
When the charge of the ions is taken into account, the equilibrium
in cartilage can be presented as follows assuming ideal Donnan
conditions [120,138]:(
[cation]bath
[cation]cartilage
)zcation
=
(
[anion]cartilage
[anion]bath
)zanion
. (3.11)
In addition, cartilage is assumed externally electroneutral,
zcationc
cartilage
cation = zanionc
cartilage
anion + FCD, (3.12)
where FCD is the fixed charge density of the cartilage caused by
the GAG-molecules [46]. The structure of articular cartilage is fairly
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heterogenic and anisotropic as discussed previously. In intact car-
tilage, the collagen and proteoglycan concentrations are highest in
the deep zone. The water content acts inversely being highest at
the surface and lowest in the deep zone [35, 139]. In addition, the
structure and orientation of collagen network vary as a function of
cartilage depth. These differences in the structural and composi-
tional features can be assumed to affect the diffusion of mobile ions
in cartilage. By using different dextrane-solutions, the diffusion co-
efficient has been found to differ between the layers of articular car-
tilage [140]. In an earlier study, using enzymatic degradation, 71%
of the proteoglycans were removed from cartilage and as a result,
the diffusion of dextran (M = 70000 g/mol) was increased while
the diffusion of glucose (M = 180 g/mol) and inulin (M = 5000
g/mol) were not altered [141]. All these molecules are electroneu-
tral and, thus the change in the charge of the cartilage does not
explain these findings. Previous studies have reported that the in-
creasing size of the molecule decreases diffusion rate into the car-
tilage [24, 142]. In addition, steric interactions between diffusing
molecules and cartilage matrix can play a significant role.
The charge of the contrast agent affects significantly its con-
centration in the cartilage at diffusion equilibrium, i.e. an increase
in the negative charge decreases the equilibrium concentration [24,
104].
According to the Donnan equilibrium (eq. (3.10)), let us con-
sider two anionic electrolytes (−1 and −2), with negative charges z1
and z2 (z1 > z2). Let us assume that the normalized cation concen-
tration is the same in both solutions. This will yield the following
equation (3.11)
(
[cation]bath
[cation]cartilage
)zcation
=
(
[−1]cartilage
[−1]bath
)z1
=
(
[−2]cartilage
[−2]bath
)z2
.
(3.13)
By designating B =
[−1]cartilage
[−1]bath
and C =
[−2]cartilage
[−2]bath
one obtains,
Bz1 = Cz2 . (3.14)
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As both B and C are partitions of the electrolyte in the cartilage, we
can assume that B < 1 and C < 1. Now solving for B yields,
B = C
z2
z1 > C, (3.15)
as by definition z2z1 < 1. Thus, an anion with a greater negative
charge has a lower equilibrium partition than an anion with a lower
charge.
3.3 DELAYED GADOLINIUM ENHANCED MRI OF CARTI-
LAGE
The dGEMRIC-technique is a clinical imaging method for diagnos-
ing the proteoglycan concentration and its distribution in articular
cartilage. Anionic contrast agent gadopentetate (M = 548 g/mol,
q = −2), as used in the dGEMRIC-technique, is assumed to dis-
tribute in inverse proportion to FCD of cartilage [19]. Furthermore,
it is assumed that only the charge of the contrast agent ion and tis-
sue FCD affect the diffusion of the contrast agent. Thus, the steric
interactions between the contrast agent ion and the extracellular
matrix are not taken into account [122].
Gadolinium is a paramagnetic contrast agent and thus it short-
ens noticeably the T1-relaxation time of cartilage. By determin-
ing the T1-map for the cartilage with and without gadolinium, the
determination of gadolinium distribution in the cartilage becomes
possible [120].
In clinical use, dGEMRIC has been applied, e.g., for monitoring
the glysosaminoglycan (GAG) content of cartilage transplants af-
ter repair surgery [143, 144]. In addition, it has been reported that
dGEMRIC detects OA related GAG loss in vivo [132].
In clinical practice, the contrast agent is injected intravenously
into the patient and the MR-imaging is typically conducted two
hours later. This time is assumed to be sufficient to allow gadopen-
tetate to reach the diffusion equilibrium [26].
Although dGEMRIC is in clinical use, it is important to ac-
knowledge its limitations. First, due to the intravenous injection,
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patient-to-patient variation in blood circulation and secretion can
affect the contrast agent concentration in synovial fluid and, thus,
in cartilage. Second, based on recent studies, it is questionable that
gadopentetate can achieve the Donnan equilibrium within the two
hour delay used in clinical protocols [20, 24]. Third, the steric hin-
drance caused by the collagen network is not acknowledged [122],
which can lead to an overestimation of tissue FCD.
3.4 CONTRAST ENHANCED COMPUTED TOMOGRAPHY
Contrast enhanced computed tomography (CECT) is analogous to
the dGEMRIC-technique. The anionic contrast agent is assumed to
distribute in inverse proportion to the fixed negative charge in the
cartilage.
The decreased proteoglycan content of enzymatically degraded
bovine cartilage samples can be detected using the CECT method
[20, 24, 29–31, 114, 115, 119]. A high correlation has been reported
in vitro between the contrast agent and GAG-concentrations in nor-
mal and enzymatically degraded rat articular cartilage [114,115,119,
145]. Furthermore, the equilibrium (after 12 hours) anionic con-
trast agent concentration has been described to correlate with the
GAG-concentration (r = 0.83) and the equilibrium elastic modulus
(r = 0.93) of bovine articular cartilage [29].
Although the diffusion equilibrium is assumed to be reached
in two hours in the clinical dGEMRIC method, this has been re-
ported to take significantly longer in many in vitro CECT stud-
ies [20, 22, 24, 25, 32]. The equilibrium time is especially dependent
on the cartilage thickness and, thus, in thick human cartilage, the
time between the contrast agent administration and diffusion equi-
librium is long. In recent studies, the contrast agent diffusion in
cartilage has been evaluated by measuring the cartilage for over
25 hours at multiple time points. The diffusion equilibrium was
reached with the most commonly used contrast agent (Hexabrix,
ioxaglate, M = 1269 g/mol, q = −1) only with diffusion times of
8 hours or longer [22, 24, 32]. When the contrast agent with smaller
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atomic size (iodine) was used, the equilibrium was reached already
after 5 hours [24].
Contrast agents have been used in X-ray arthographies for deca-
des [98, 146–149]. However, the main goal has been to evaluate the
morphology of the joint surface and to detect macroscopic cartilage
lesions [150]. Delayed imaging, i.e., when there is a delay between
the contrast agent injection and image acquisition, has not been
used previously in the clinical diagnostics of cartilage pathologies.
However, this technique has been used for the diagnostics of gan-
glion cysts [151,152]. In laboratory, CT arthrography has been used
to evaluate rat cartilage at different stages of OA [111]. Recently,
the first steps toward a clinical application of CECT were taken
when cadavers were imaged using contrast enhancement with a 10
minute delay [110, 113]. In that study the partition of the contrast
agent was seen to correlate with the cartilage GAG content.
At the moment, only anionic contrast agents are being used in
dGEMRIC and CECT. Cationic (positively charged) contrast agents
have been proposed fo use in CECT. As compared to anionic con-
trast agents, the cationic molecules are predicted to be more sen-
sitively attracted to the negatively charged proteoglycans [105, 106,
108, 118]. However, there are serious problems encountered with
cationic contrast agents as they might bind electrically to the pro-
teoglycans for a long duration. The contrast agent is foreign to
the body and its chelate structure might become disturbed and
this could release the potentially poisonous inner core (e.g. gado-
linium [153, 154]). Previously, non-ionic, neutral contrast agents
have been used in vitro for contrast enhanced computed tomog-
raphy of articular cartilage [24]. In that study, the equilibrium
partition of a neutral contrast agent was higher than those of an-
ionic contrast agents. In another study, after enzymatic depletion
of proteoglycans, the penetration of the neutral contrast agent, io-
promide, was similar in intact and enzymatically depleted cartilage.
On the other hand, the penetration of the negatively charged con-
trast agent, ioxaglate, was significantly increased in enzymatically
depleted samples [116].
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4 Aims of the present study
This thesis focuses on the development of a new contrast enhanced
imaging technique for clinical diagnostics of cartilage lesions and
osteoarthritis.
The specific aims of this thesis were:
1. to investigate the feasibility of CECT to detect mechanically
induced cartilage injuries in vitro.
2. to investigate the effect of collagen cross-linking on the con-
trast agent diffusion and the mechanical properties of articu-
lar cartilage in vitro.
3. to optimize the imaging protocol for application of delayed
CT arthrography in vivo.
4. to investigate the potential of the delayed CT arthrography to
detect cartilage lesions and to assess the cartilage integrity in
a clinical setting in vivo.
Dissertations in Forestry and Natural Sciences No 91 27
Harri Kokkonen: Delayed CT Arthrography Technique
28 Dissertations in Forestry and Natural Sciences No 91
5 Materials and methods
This thesis consists of four independent studies (I-IV). The materials
and methods used in the studies are summarized in Table 5.1. All
the data analyses in studies I-IV and image analysis in studies I and
II were conducted with Matlab (version 7.5-7.10, The Matworks Inc.,
Natick, MA, USA). The image analysis in studies III and IV was
conducted with AnalyzeTM(Analyze 10.0, Analyze direct, Inc., KS,
USA).
Table 5.1: Summary of the material and methods used in the studies I-IV.
Study Species/Type Material Methods
I Bovine in vitro n = 9 per group, CECT, microCT,
4 groups biochemical and
histological analysis
II Bovine in vitro n = 7 per group, CECT, microCT,
4 groups mechanical testing,
threose treatment,
biochemical and
histological analysis
III Human in vivo n = 2 delayed CT arthrography,
clinical CT, dGEMRIC
IV Human in vivo n = 15 delayed CT arthrography,
CBCT, MRI, arthroscopy
5.1 SAMPLE PREPARATION
In studies I and II, the sample preparation procedure was identi-
cal. The bovine knees were acquired from a local abattoir (Atria
Oyj, Kuopio, Finland). The patellae were detached from the knees
and an osteochondral plug (d = 2.54 mm) was removed. The plug
was trimmed to have about 1 mm of bone and then cut into four
pieces. From each of the pieces, an osteochondral sample (d = 6
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mm) was punched, making a total of 4 samples per patella, one for
each subgroup (Figure 5.1 A).
In study I, half of the samples were mechanically injured by
dropping a 500 g weight from a height of 15 cm onto the sample
using a custom made drop tower (Figure 5.1 B). In study II, for half
of the samples, the collagen cross-linking was increased by incubat-
ing them with threose (Sigma Aldrich Co., St. Louis, MO, USA) for
7 days.
Studies III and IV included clinical imaging of human patients,
and sample preparation was not involved.
Figure 5.1: A) Sample preparation in studies I and II. B) Custom made drop tower
used in study I.
5.2 CONTRAST ENHANCED COMPUTED TOMOGRAPHY
In study I, two anionic contrast agents were used: atomic iodine
(dissolved NaI, q = −1, Sigma-Aldrich, St. Louis, MO, USA, M =
126.9 g/mol) and Hexabrix (ioxaglate, q = −1, Mallincrodt, St.
Louis, MO, USA, M = 1269 g/mol). The ioxaglate molecule has six
iodine-atoms and, to achieve a similar contrast, the contrast agent
concentration for NaI in use was chosen to be six times that of the
ioxaglate. The contrast agents were diluted with distilled water
with phosphate buffer and enzyme inhibitors. In addition, sodium
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chloride (NaCl) was added to ensure physiological osmolarity (308
mOsm/l [35]). In study II, only Hexabrix was used.
In studies I and II, in vitro samples were imaged using a mi-
croCT scanner (SkyScan 1172, Skyscan, Belgium). The diffusion of
contrast agent into the cartilage was imaged first before immersion
into the contrast agent bath and at 1 h, 3 h, 5 h, 7 h, 10 h, 15 h, 20 h
and 25 h after the immersion in the contrast agent solution (study
I), and 20 min, 40 min, 60 min, 90 min, 2 h, 3 h, 5 h, 7 h, 10 h,
15 h, 20 h and 25 h after the immersion (Study II). The tube volt-
age and voxel size were 100 kV and 30.1 μm×30.1 μm×30.1 μm,
respectively.
5.3 DELAYED CT ARTHROGRAPHY
In studies III and IV, the CECT technique was adapted for in vivo
measurements. To differentiate this technique from other contrast
enhanced methods in clinical use and from techniques applied in
the laboratory, it is referred as Delayed CT arthrography.
Study III was designed to enable optimization of the clinical
imaging protocol. The two patients in study III had clinical symp-
toms and were referred to contrast enhanced CT and MRI measure-
ments.
Both patients were imaged using a clinical CT instrument (Sie-
mens Somatom AS, Siemens, Germany) with a high resolution knee
protocol, resulting in voxel size of 0.240 mm×0.240 mm×0.400 mm
and radiation dose of 0.3 mSv per scan (total of 1.5 mSv per pa-
tient). After baseline imaging, a dose of contrast agent (ioxaglate)
was injected intra-articularly into the knee joint. The knee was then
lightly exercised and imaged at different time points after the injec-
tion (immediately after injection and 30 min, 60 min and 120 min
after the injection).
In study IV, delayed CT arthrography was applied in a larger
clinical population. Patients with cartilage lesions were imaged
with a prototype peripheral cone beam CT (Verity, Planmed, Fin-
land). After the baseline imaging, a dose of contrast agent (ioxaglate)
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was injected intra-articularly into the knee joint. The patients were
imaged immediately after the injection to acquire the arthrography
image. Finally, 45 minutes after the injection, the patients were
imaged once more to acquire the delayed image. The acquired
isotropic voxel size was 0.200x0.200x0.200 mm3 with tube voltage
of 96 kV. The radiation dose per single imaging was 0.01074 mSv.
For study IV, permission was acquired from the ethical commit-
tee of Kuopio University Hospital. In addition, in studies III and IV,
informed consent was acquired from all the patients. Studies I and
II involved only bovine sample measurements, and thus, needed no
ethical permission.
5.4 BIOCHEMICAL AND HISTOLOGICAL ANALYSES
After the measurements in studies I and II the bone-cartilage sam-
ples were cut into two halves. One half was stored in a freezer until
biochemical analyses and the other was decalcified and embedded
into paraffin for histological analyses.
Microscopy
Optical density (OD) measurements by means of digital densito-
metry (DD) were conducted to quantify the tissue fixed charge
content and distribution. The 3-μm-thick samples were stained
with cationic Safranin-O dye, which binds stoichiometrically to neg-
atively charged glycosaminoglycan groups and the relative fixed
charge distribution can be visualized and quantified by measuring
the OD of Safranin-O [155]. The OD measurements were conducted
using a computer-controlled CCD camera (SenSys, Photometrics
Inc., Tucson, AZ, USA) attached to a light microscope (Leitz Or-
thoplan, Leitz, Wetzlar, Germany).
Fourier transform infrared imaging (FTIRI) is a spectroscopic
imaging method which can be used to gather information on the
spatial composition of articular cartilage [156]. In the FTIRI mea-
surements, 5-μm-thick sections were placed on 2-mm-thick ZnSe
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windows. Since the specific absorption spectra of collagen (at
1585−1720 cm−1) and PG (at 984−1140 cm−1) are known, the spa-
tial content of these components in each pixel can be calculated
from the measured FTIRI-images [157, 158]. The measurements
were conducted using the Perkin Elmer Spotlight 300 FTIRI system
(PerkinElmer, Shelton, CO, USA), with spectral and pixel resolu-
tions of 4 cm−1 and 25 μm, respectively.
Polarized light microscopy (PLM) is a quantitative technique for
analyzing the organization of collagen fibrils [159]. The method has
been described in an earlier study [160] but is also briefly presented
below. The PLM measurements were conducted for the 5-μm-thick
cartilage sections using a Leitz Ortholux BK-2 polarized light mi-
croscope (Leitz) equipped with a CCD camera (Photometrics), a
monochromatic light source and crossed polarizers. The amplitude
of the birefringence signal depends on the degree of collagen fibril
organization [159]. Collagen fibril orientation was calculated using
Stokes parameters. Anisotropy of the collagen network was evalu-
ated by the parallelism index (PI). The PI is high when the collagen
fibrils are oriented in parallel to each other. It can be determined
by using the minimum and maximum values of the signal that fluc-
tuate as a function of the polarizer pair position [160]. The PI and
the collagen fibril orientation were calculated for 20 layers of each
cartilage sample.
Biochemical analysis
In study I, water, hydroxyproline and proteoglycan (uronic acid)
concentrations were determined. The wet weight of the samples
was determined after phosphate buffered saline (PBS) immersion
followed by freeze drying and dry weight measurement. The water
content was then determined as the difference between the wet and
dry weight.
The hydroxyproline concentration corresponding to the colla-
gen concentration in the articular cartilage was determined spec-
trophotometrically from the freeze dried samples after hydrolysis
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[161]. The uronic acid concentration, corresponding to the proteo-
glycan concentration, was determined spectrophotometrically after
protein digestion [162].
In study II, the collagen cross-linking of the articular cartilage
samples was determined using HPLC (high performance liquid
chromatography). Hydroxylysyl pyridinoline (HP), lysyl pyridino-
line (LP) and pentosidine (Pent) were separated during a single
reversed phase HPLC run and detected on the basis of their natural
fluorescence [163].
5.5 MECHANICAL TESTING
Due to logistical reasons diffusion and mechanical measurements
had to be done on adjacent samples. The samples used in diffusion
studies had to be intact, and thus, destructive mechanical testing
could not be done before the diffusion measurements. On the other
hand, after a long diffusion study it would not have been appro-
priate to conduct the mechanical testing. The testing was divided
into two parts, nondestructive testing and destructive testing. First,
an impermeable metallic plate (dplate > dsample) was driven into
contact with the cartilage surface, and then three consecutive com-
pressive steps (5% strain in each step) at the strain rate of 100%/s
were executed. The testing was done in unconfined compression on
cartilage-bone samples (Figure 5.2 A and B). After each compressive
step, the sample was allowed to relax for 45 minutes. The dynamic
modulus was determined from each step as the stress/strain ratio
of the peak-to-previous-equilibrium values. In order to determine
the initial (E0) and strain dependent dynamic modulus (E), lin-
ear regression was applied to the calculated dynamic modulus as a
function of strain ()
E = E0 + E. (5.1)
Equilibrium modulus (Eeq) was obtained from the linear fit to the
stress-strain curve in equilibrium, i.e. stress values at the end of
each relaxation period (45 minutes) were used.
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Figure 5.2: Mechanical testing in Study II. A) Loading geometry used in non-
destructive and destructive testing. B) Non-destructive stress-relaxation testing.
C) Destructive testing. Error bars show the 95% confidence interval for all the
measured samples in study II. The yield point could not be detected for all sam-
ples.
Subsequently, a destructive compressive test was performed us-
ing a single compressive slow ramp to a strain of 75% at a strain
rate of 3.5 %/s during which stress and strain of cartilage were
measured as a function of time (dplate > dsample). The testing was
done in unconfined compression on cartilage-bone samples (Figure
5.2 A and C). A linear fit was applied for strains between 20 and
40%.
5.6 STATISTICAL ANALYSES
The statistical significance of comparisons between the properties
of reference and threose treated or mechanically injured tissue was
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tested with the Wilcoxon Signed Ranks-test (studies I and II). In
study II, the relationships between the contrast agent partition, dif-
fusion coefficient, diffusion flux, mechanical moduli, biochemical
properties and structural properties determined from microscopic
imaging were calculated using the bivariate Pearson correlation
analysis (two tailed significance). In study IV, the relationship be-
tween the contrast agent partition, cartilage thickness and ICRS
grades were calculated using the bivariate Spearman correlation
analysis (two tailed significance), respectively. Statistical signifi-
cance of the difference in cartilage thicknesses measured from the
MRI and CBCT images was evaluated using the Wilcoxon signed
rank test. The significance of the difference between the partition-
ing of the contrast agent in intact (ICRS grade 0) cartilage and carti-
lage surrounding lesions (ICRS grade I-IV) was evaluated using the
Student’s t-test. The statistical analyses were conducted using SPSS
(SPSS 14.0.1, SPSS Inc., Chicago, IL, USA).
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6 Results
This chapter summarises the results from studies I-IV. The complete
results can be found in the original articles I-IV attached to the
thesis as appendices.
6.1 CONTRAST ENHANCEDCOMPUTED TOMOGRAPHYOF
ARTICULAR CARTILAGE
In study I, the interrelations were investigated between articular
cartilage structural and compositional integrity and the contrast
agent diffusion and partitioning. After a mechanical injury, the
partitioning of ioxaglate (M = 1269 g/mol) at equilibrium was sig-
nificantly increased (Table 6.1, p < 0.05). However, this was not
seen with the smaller atom sized iodine (M = 126.9 g/mol). The
injury did not change significantly the water content or the proteo-
glycan concentration in cartilage (Table 6.1).
In study II, bovine articular cartilage was artificially aged by
inducing collagen cross-linking with threose. As a result, the parti-
tioning of contrast agent (ioxaglate) was significantly decreased in
the threose treated samples (p < 0.05). After two hours in the con-
trast agent bath, the diffusion flux was also significantly (p < 0.05)
smaller into the threose treated samples (Table 6.1). According to
the digital densitometry measurements, the optical density, indi-
cating tissue negative fixed charge density, of the threose treated
samples was increased by 25.9% (p < 0.05). However, according to
the FTIRI measurements, the proteoglycan concentration was not
altered. As shown in the Figure 6.1A the diffusion equilibrium of
ioxaglate was reached only after 10 hours of immersion.
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Table 6.1: Contrast agent partitioning (at 25 hours), diffusion coefficient, diffusion
fluxes, cartilage water content, proteoglycan concentration and optical density in
studies I and II. Injured refers to mechanically injured samples in study I. Threose
refers to threose treated samples in study II.
Refinjured Injured Refthreose Aged
(n = 9) (n = 9) (n = 7) (n = 7)
Ioxaglate
Partition (%) 71.2±4.4 78.9±3.8∗ 68.4±7.1 56.4±6.4∗∗
D (μm2/s) 326±62 341±72 171±53 218±100
Water (%) 78.8±2.0 81.7±2.4 79.9±2.3 78.1±2.8
PGa 5.6±1.7 4.9±1.3 - -
PGb - - 12.8±1.7 12.6±1.9
OD 1.95±0.29c 1.50±0.41c 1.39±0.26 1.75±0.29
Iodine
Partition (%) 77.6±3.4 81.9±3.5∗ - -
D (μm2/s) 937±228 869±142 - -
Water (%) 78.8±1.7 81.2±2.8 - -
PGa 5.8±1.8 4.7±1.3 - -
OD 1.72±0.41c 1.50±0.38c,∗ - -
a Proteoglycan concentration as uronic acid (μg/mg)
b Proteoglycan concentration by FTIRI (au (absorption unit))
c The standard deviation in original publication (Study I) was incorrect and has
been corrected here
∗ Significant difference (p < 0.05) between the injured and reference samples
∗∗Significant difference (p < 0.05) between the threose treated and reference sam-
ples
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Figure 6.1: A) Average bulk contrast agent partition (ioxaglate) in intact bovine
cartilage in vitro (study II) B) X-ray attenuation in human knee cartilage in vivo. C)
X-ray attenuation in the contrast agent in the knee joint space in vivo. D) Contrast
agent partition in human knee cartilage in vivo (Study III).
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6.2 DELAYED CT ARTHROGRAPHY
In studies III and IV, delayed CT arthrography was applied in a
clinical setting. In study III, the practical issues related to searching
for the optimal imaging protocol for the delayed CT arthrography
were assessed. The contrast agent concentration in the knee joint
space reduced by half in 30 minutes and two hours after the IV
injection as much as 20% of the initial concentration still remained
in the joint space (Figure 6.1 C). According to the X-ray attenuation
caused by the contrast agent concentration in the knee joint space
(Figure 6.1 C) the extraction behavior of the contrast agent out of
the knee capsule was similar in both patients.
The ideal time dependent behavior of contrast agent partition is
shown in Figure 6.1 A. The partition increases and reaches a maxi-
mum value 10 hours after administration of contrast agent. In hu-
man knee cartilage in vivo, the contrast agent concentration reaches
its maximum after 30 minutes and then decreases. However, con-
trast agent partition was observed to be similar as in the in vitro
conditions.
The contrast agent partition in osteoarthritic cartilage was higher
than that occurring in the intact cartilage (Figure 6.1 D.
In study IV, the potential of delayed CT arthrography to detect
cartilage lesions and degeneration was tested in vivo. The arthro-
graphic images, acquired within 5 minutes of the contrast agent
injection, enabled sensitive detection of lesions penetrating the car-
tilage surface. However, based only on the arthrographic image,
the integrity of the tissue adjacent to the injuries could not be eval-
uated. Instead, the areas of reduced cartilage integrity could be
detected based on increased contrast agent uptake in the delayed
image. Therefore, both images were needed for optimal diagnos-
tics of the cartilage status. The use of arthrographic and delayed
images together with their subtraction image provided the most
comprehensive estimation of the joint status.
Significant correlations between the ICRS grades determined
with different methods were revealed (r = 0.53 . . . 0.71, p < 0.01).
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The contrast agent partition in cartilage surrounding the lesions in
the arthrographic images correlated weakly but significantly with
the ICRS grades (r = 0.11 . . . 0.23, p < 0.05 for ICRSCT, Table 6.2).
There were no significant differences between the cartilage thick-
nesses measured from CT- or MR-images (Table 1, p = 0.24). How-
ever, cartilage thickness correlated significantly with the contrast
agent partition in arthrographic and delayed images (r = −0.21
and r = −0.22, respectively, p < 0.05).
Table 6.2: Spearman correlation coefficients between the average normalized con-
trast agent concentrations in cartilage surrounding the lesions (CTarthrography,
CTdelay, CTΔ, n = 112), cartilage thickness measured from CT (n = 112) and
MRI (n = 84), and ICRS grades defined from MRI (n = 84), CT (n = 112) and
arthroscopy (n = 35).
ICRSScopy ICRSMRI ICRSCT ThicknessCT
CTarthrography 0.11 0.11 0.23∗ -0.21∗
CTdelay 0.10 0.05 0.13 -0.22∗
CTΔ -0.11 -0.06 -0.07 -0.07
ICRSMRI 0.71∗∗ - - -
ICRSCT 0.53∗∗ 0.69∗∗ - -
ThicknessMRI - - - 0.65∗∗
∗ p < 0.05
∗∗p < 0.01
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Figure 6.2: Delayed CT arthrography images. Arthrographic (left), delayed (mid-
dle) and subtraction (right) images of various different types of lesions and signs
of cartilage degeneration. Patients A to D were referred to arthroscopy and pa-
tient E was subsequently subjected to total knee replacement. Cartilage lesions
can be detected from the arthrographic images (patients A, B and D), whereas
the increased contrast agent uptake seen in the delayed and subtraction images
suggests poorer cartilage integrity (especially patient B).
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7 Discussion
This thesis investigated the feasibility of using contrast enhanced
computed tomography (CECT) and delayed CT arthrography for
detection of cartilage lesions, mechanical injuries and aging related
changes in the cartilage matrix in vitro. Furthermore, the imag-
ing protocol was optimized for clinical use and then applied the
delayed CT arthrography for diagnostics of cartilage lesions and
degeneration in vivo.
Study I examined the feasibility of CECT to detect fresh mechan-
ical injuries of bovine cartilage using two different anionic contrast
agents, ioxaglate and iodine. In study II, the effect of collagen cross-
linking, typical of aging, on contrast agent diffusion was investi-
gated. Study III was designed to provide information on the practi-
cal aspects of the clinical application for delayed CT arthrography in
human knee, i.e. optimal imaging times, contrast agent volume and
whether the contrast agent remains in the knee joint long enough
for delayed imaging. In study IV the experience gained in study
III was utilized to investigate the feasibility of using delayed CT
arthrography to diagnose various joint conditions in vivo.
7.1 CONTRAST ENHANCEDCOMPUTED TOMOGRAPHYOF
ARTICULAR CARTILAGE
Contrast agent diffusion into the cartilage was significantly increased
after mechanical injury (Study I). Earlier studies have described in-
creased cartilage permeability after mechanical injuries, but the ef-
fect on the contrast agent diffusion has not been evaluated. Im-
portantly, CECT detected fresh injuries already at 60 minutes after
the immersion into the contrast agent bath. This indicates that it is
not necessary to achieve the diffusion equilibrium in order to make
an effective diagnosis. Based on earlier and present in vitro studies
(Studies I and II), the complete diffusion equilibration of ioxaglate
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takes over 8 hours. This kind of delay is not clinically feasible, as
most of the contrast agent in humans is excreted from the joint cap-
sule within two hours (Study III).
Even though the mechanical injury caused cracking of the car-
tilage surface, the proteoglycan and water contents did not change
significantly. In addition, even at their deepest, the cracks pene-
trated only one fourth or third of the cartilage thickness, and there-
fore the deep cartilage remained visibly intact. However, according
to the present data, the greatest difference in diffusion flux and
contrast agent partition was found in the deep cartilage (Study I).
In study I, diffusion was studied using two anionic contrast
agents. Since these contrast agents possessed the same negative
electronic charge (-1), the difference in molecule size was the fac-
tor accounting for to the difference in their diffusion properties
(M = 1269 g/mol vs. M = 126.9 g/mol for ioxaglate and io-
dine, respectively). Mechanical injury increased the diffusion and
equilibrium partition of both contrast agents, although the differ-
ence was more significant with ioxaglate. These findings may be
explained by differences in the steric interactions between these
molecules and the cartilage matrix. Iodine, which is of small atomic
size, behaves according to the Gibbs-Donnan theory and interacts
with the collagen matrix only minimally. The diffusion of the larger
ioxaglate molecule is more influenced by the steric interactions and
as the matrix becomes ruptured, the permeability for ioxaglate is
significantly increased. The diffusion coefficient of iodine was sig-
nificantly higher than that of ioxaglate, which is in line with an
earlier study [102]. The higher diffusion coefficient of the smaller
molecule is attributable to the differences in the steric interactions
between cartilage matrix and the contrast agent molecule.
In study II, the artificially increased collagen cross-linking de-
creased the diffusion of the contrast agent into cartilage. The main
reason for this may be the increased negative charge of the cartilage,
which repels the anionic contrast agent molecules. In addition, the
steric hindrance caused by the cross-links between the collagen fib-
rils may have decreased the diffusion. This needs to be further stud-
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ied by using both neutral and anionic contrast agents, to remove the
effect of the negative charge of the cartilage matrix. Furthermore,
it must be noted that increased collagen cross-linking increases the
stiffness of the collagen network. This may affect the pre-stress of
the matrix and, thus, the tissue water content. The change in the
water content can further affect the equilibrium partition of the con-
trast agent. However, in the present study, the water content did not
change significantly as a consequence of the increase in the extent
of cross-linking.
7.2 DELAYED CT ARTHROGRAPHY
In study III, the delayed CT arthrography was applied in clinical
setting for the first time. The study included two patients, one
healthy and one with an osteoarthritic knee. There were two main
issues which were investigated in the study: the rate of contrast
agent excretion from inside the knee joint cavity and the optimal
time points for imaging.
Although the technique has shown promise in a laboratory and
animal experiments, contrast agent excretion from the human knee
joint capsule, a crucial factor in clinical applications, has not been
studied earlier. In a recent in vivo study with rats, contrast agent
was reported to leave the knee joints within minutes [145]. This
raises concerns about developing this technique for use in the clinic.
In the early days of CT arthrography, vasoconstrictive agents such
as epinephrine were used to restrict the contrast agent excretion
out of the knee joint [164–166]. However, in the present study, we
decided not to use such agents as there is some data indicating
that epinephrine, when used together with anionic contrast agent
compounds, increases the risk of inflammation [147].
In study III, two hours after the injection concentration of the
contrast agent was still 20 to 25% of its initial level and the half
life of ioxaglate in human knee was about 30 minutes. Based on
study I, the optimal time point for detection of mechanical injury
is 60 minutes after administration of contrast agent. In addition, in
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study III the contrast agent content in the cartilage of clinical patient
reached its maximum concentration at 30 to 60 minutes after the
contrast agent injection (Figure 6.1). Considering all these aspects
in order and to minimize the radiation dose administered to the
patients, it was decided to image the patients only three times in the
study IV. First, the baseline image was taken before contrast agent
injection. The second acquisition followed two minutes of exercise
after the contrast agent injection. The third acquisition took place
at 45 minutes after the injection.
Three different images were reconstructed in an attempt to di-
agnose different types of cartilage lesions. The arthrography image
was seen to reveal cartilage lesions, the delayed image was suited
for detection of inferior cartilage integrity in other areas. In the
third image, called the subtraction image, the arthrographic im-
age is subtracted from the delayed image. The subtraction image
was found to be valuable for further differentiation of cartilage le-
sions penetrating the articular surface and tissue with obviously
impaired integrity, but with no macroscopic signs of lesion. Ac-
cording to the working hypothesis, all three images are needed to
achieve optimal diagnostic power. Figure 7.1 presents a hypothet-
ical flowchart for analyzing the cartilage integrity based on these
three images. By using this information, the cartilage quality can
be separated into four categories: healthy cartilage, cartilage with
lesions, degenerated cartilage with no lesions and degenerated car-
tilage with lesions. The diagnostic flowchart presented here is hy-
pothetical, and based on experience gathered with only 17 patients.
Obviously, this hypothetical model needs to be validated in future
studies with a larger pool of patients. Unfortunately all current
diagnostic techniques, e.g., arthroscopy and MRI suffer from reli-
ability, reproducibility and resolution handicaps. For this reason,
the putative model might be best evaluated by imaging of patients
scheduled for joint replacement surgery, thus enabling laboratory
examination of the tissue condition.
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Figure 7.1: A hypothetical flowchart for diagnostic interpretation of the delayed
CT arthrography images.
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7.3 COMPARISON OF DELAYED CT ARTHROGRAPHY AND
DGEMRIC
Based on the present results, delayed CT arthrography is a promis-
ing method for diagnostics of cartilage lesions and osteoarthritic
degeneration. It provides high resolution imaging of the articular
surface and a useful assessment of tissue integrity. dGEMRIC is
an MRI technique based on the same principle as the delayed CT
arthrography.
In delayed CT arthrography the whole knee is imaged in 3D.
The in-plane resolution of dGEMRIC (typically 0.7x0.7x3.0 mm) is
lower than that of the CBCT-imaging. The high resolution of CBCT
images isotropic image stacks makes possible the sensitive diagnos-
tic of cartilage lesions. Depending on the equipment, the resolution
can be as high as 0.2x0.2x0.2 mm3 (with Planmed Verity).
The drawback of the delayed CT arthrography is its invasive
nature. The contrast agent has to be injected into the knee joint in
order to achieve an adequate concentration for imaging. In dGEM-
RIC, the contrast agent is usually injected intravenously. In ad-
dition, in delayed CT arthrography, the patient receives a radiation
dose , even though with modern CBCT equipments it is fairly small
(0.01074 mSv in Study IV). Even though 3D dGEMRIC techniques is
under development [167,168], dGEMRIC in current clinical practise
includes imaging of only one sagittal slice. The acquisition of only
one slice limits the possibility ot detect any local disorders, such as
small lesions. However, it does provide information on degenera-
tion processes involving the whole joint.
Even though MRI can be used to image bones, the exact bone
mineral density cannot be directly measured from MR-images. In
contrast, CT enables a quantitative determination of subchondral
bone mineral density [25]. In the near future, theadvances in cone
beam technology will allow isotropic voxel sizes as small as 100 mi-
crometers. According to previous studies this is at the very limit
for obtaining a reliable quantification of the microstructure of tra-
becular bone [169,170]
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In dGEMRIC, IV-injected contrast agent is transported in blood
circulation and diffuses into the knee joint capsule. In the time
between injection and imaging the patient usually performes an ex-
ercise regime to enhance the contrast agent uptake into the knee
joint and cartilage. After the IA injection in delayed CT arthrogra-
phy the knee needs to be exercised for two minutes to ensure that
all the cartilage surfaces are evenly coated with the contrast agent.
Both techniques suffer from potential health hazards related to
the applied contrast agents. Gadopentetate, used in the dGEM-
RIC, has evoked problems in patients suffering from severe renal
malfunction. in these patients the chelate surrounding the toxic
gadolinium has time to break down, leading to possible health haz-
ards, such as nephrogenic systemic fibrosis [153,154,171]. Hexabrix
is a ioxaglate based X-ray contrast agent, which has been utilized
in delayed CT arthrography, is hyperosmolaric. Hyperosmolarity
can cause temporary softening of cartilage, which could lead to tis-
sue damage and cell death if the joint is loaded immediately after
injection of contrast agent [172].
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Table 7.1: Comparison of delayed CT arthrography and dGEMRIC.
delayed CT arthrography dGEMRIC
Invasivity · IA contrast agent · IV contrast agent injection
injection
· Radiation dose · No radiation dose
· Possible temporary · Risk for nephrogenic
softening of cartilage systemic fibrosis
Resolution
· Isotropic voxel · Usually one 2D slice,
3D possible
Slice thickness ≥ 0.2 mm 0.78 to 3 mm
In-plane resolution ≥ 0.2 mm 0.4 to 0.78 mm [127,167, 168, 173]
Imaging + Short acquisition time − Long acquisition time
+ High isotropic − Limited resolution
resolution
+ 3D image − Usually 2D
+ Bone density + Superior soft tissue contrast
measurements possible
Good availability + Moderate price − High price
+ Availability − Limited availability
(long queues for imaging)
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8 Summary and conclusions
Based on the experience gathered in this study, delayed CT arthrog-
raphy has the potential for use in the diagnostics of cartilage lesions
and degeneration. This thesis represents the first time that this tech-
nique has been tested in clinical patients. The main conclusions of
this thesis are summarized as follows:
1. Contrast enhanced computed tomography enables detection
of mechanically induced injuries of articular cartilage (Study
I).
2. Increase in collagen cross-linking increases the negative charge
of the articular cartilage. This was seen to decrease the diffu-
sion of anionic contrast agent into the cartilage (Study II).
3. The optimal time point for detection of tissue damage is 30
to 60 minutes after administration of contrast agent in vitro
(Study I). The half life of the contrast agent in human knee is
about 30 minutes (Study III). Based on this information, a 45
minute delay was found to be optimal for clinical use.
4. The delayed CT arthrography is a potentially useful technique
for clinical diagnostics of cartilage lesions and degeneration
(study IV). Two imaging sessios, one immediately and one 45
minutes after administration of contrast agent are needed to
achieve optimal diagnostics. Based on the experience gath-
ered during this research project a hypothetical pathway for
diagnotics of cartilage lesions and degeneration was presented
(Figure 7.1).
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Harri Kokkonen
Development and
Evaluation of Delayed CT
Arthrography of Cartilage
Delayed CT arthrography is a promising 
new technique for the diagnostics of carti-
lage pathologies. However, sensitivity of the 
technique for diagnostics of articular carti-
lage lesions or detection of changes related to 
cartilage aging and its feasibility for clinical 
diagnostics are not known. The aim of this 
study was to investigate the potential of the 
delayed CT arthrography to detect cartilage 
lesions and increased collagen cross-linking 
in vitro. For the first time, the technique was 
also applied in clinical patients. Importantly, 
delayed CT arthrography enabled quantifi-
cation of contrast agent diffusion and parti-
tion in cartilage and could sensitively detect 
lesions of human knee cartilage in vivo. To 
conclude, delayed CT arthrography is a novel 
quantitative method for clinical diagnostics 
of the status of articular cartilage and for the 
detection of cartilage lesions.
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